I. INTRODUCTION
At the parton level the quark structure of the nucleon is described in terms of three quark distributions, namely the quark density f 1 (x), the helicity distribution g 1 (x) (also indicated ∆f (x)), and the transversity distribution h 1 (x) (also indicated δf (x)). The first two distributions, and particularly f 1 (x), are now well established by experiments in the deep-inelastic scattering (DIS) regime and well understood theoretically as a function of the fraction x of the nucleon longitudinal momentum carried by the active quark [1] . Information on the last leading-twist distribution is missing on the experimental side because h 1 (x), being chiral odd, decouples from inclusive DIS and therefore can not be measured in such a traditional source of information. Nevertheless some theoretical activity has been developed in calculating h 1 (x) and finding new experimental situations where it can be observed (for a recent review see Ref.
[2]). Among the different proposals the polarized Drell-Yan (DY) dilepton production was recognized for a long time as the cleanest way to access the transversity distribution of quarks in hadrons [3] [4] [5] [6] . As a matter of fact, in pp and pp DY collisions with transversely polarized hadrons the leading order (LO) double transverse-spin asymmetry of lepton-pair production involves the product of two transversity distributions, thus giving direct access to them. However, such a measurement is not an easy task because of the technical problems of maintaining the beam polarization through the acceleration. The recently proposed experimental programs at RHIC [7] and at GSI [8] have raised renewed interest in theoretical predictions of the double transverse-spin asymmetry in proton-(anti)proton collisions with dilepton production [9] [10] [11] .
As reviewed in [2] , h 1 (x) has been calculated in a variety of models, including relativistic bag-like, chiral soliton, light-cone, and spectator models. In all these calculations the antiquark transversity is rather small and the d-quark distribution turns out to have a much smaller size than the u-quark distribution.
In this paper h 1 (x) and the other quark distributions are derived within the framework of the overlap representation of light-cone wavefunctions (LCWFs) originally proposed in Refs. [12] to construct generalized parton distributions (GPDs). A Fock-state decomposition of the hadronic state is performed in terms of N-parton Fock states with coefficients representing the momentum LCWF of the N partons. Direct calculation of LCWFs from first principles is a difficult task. On the other hand, constituent quark models (CQMs) have been quite successful in describing the spectrum of hadrons and their low-energy dynamics. At least in the kinematic range where only quark degrees of freedom are effective, it is possible to assume that at the low-energy scale valence quarks can be interpreted as the constituent quarks treated in CQMs. In the region where they describe emission and reabsorption of a single active quark by the target nucleon, quark GPDs are thus linked to the non-diagonal one-body density matrix in momentum space and can be calculated both in the chiral-even and chiral-odd sector [13] [14] [15] . Sea effects represented by the meson cloud can also be integrated into the valence-quark contribution to GPDs [16] . In such an approach the quark distributions, being the forward limit of GPDs, are related to the diagonal part of the one-body density matrix in momentum space.
The paper is organized as follows. In Sect. II the overlap representation of LCWFs is briefly reviewed with the aim of linking the parton distributions to CQMs. Results for the three valence quark distributions are discussed at the hadronic scale and after evolution up to the next-to-leading (NLO) in Sect. III. The application to double transverse-spin asymmetry in DY collisions is presented in Sect. IV, and some conclusions are drawn in the final Section.
II. THE OVERLAP REPRESENTATION FOR PARTON DISTRIBUTIONS
In the overlap representation of LCWFs [12] the proton wave function with fourmomentum p and helicity λ is expanded in terms of N-parton Fock-space components, i.e.
where Ψ
[f ]
λ,N,β is the momentum LCWF of the N-parton Fock state |N, β; k 1 , . . . , k N . The integration measures in Eq. (1) are defined as
where
+ is the fraction of the light-cone momentum of the i-th parton and k ⊥,i its transverse momentum. The argument r of the LCWF represents the set of kinematical variables of the N partons, while the index β labels the quantum numbers of the parton composition and the spin component of each parton.
Making use of the correct transformation of the wave functions from the (canonical)
instant-form to the (light-cone) front-form description,
, and limiting ourselves to the lowest order Fock-space components with three valence quarks, a direct link to wave functions derived in CQMs was established in Refs. [13, 14] . Thus Ψ
λ,3,β explicitly becomes
where M 0 = ω 1 + ω 2 + ω 3 is the mass of the noninteracting three-quark system, with 
recovered taking into account that in this case the Melosh rotation matrices combine to the identity matrix:
where the helicity λ of the nucleon can equivalently be taken positive or negative. Analogously, the following simple expressions are obtained for the polarized quark distribution of
and for the quark transversity distributions h q 1 (x) [15] :
where λ t i is the transverse-spin component of the quark and, as usual, the transversity basis for the nucleon spin states is obtained from the helicity basis as follows:
Expressions (5), (6) and (7) exhibit the well known probabilistic content of parton distributions. Eq. (5) gives the probability of finding a quark with a fraction x of the longitudinal momentum of the parent nucleon, irrespective of its spin orientation. The helicity distribution g q 1 (x) in Eq. (6) is the number density of quarks with helicity + minus the number density of quarks with helicity −, assuming the parent nucleon to have helicity +. The transversity distribution h q 1 (x) in Eq. (7) is the number density of quarks with transverse polarization ↑ minus the number density of quarks with transverse polarization ↓, assuming the parent nucleon to have transverse polarization ↑.
In the instant form it is convenient to separate the spin-isospin component from the space part of the proton wave function and to assume SU(6) symmetry, i.e.
with the superscripts 0 and 1 referring to the total spin or isospin of the pair of quarks 1 and 2. Thus we find
where [15, 18] 
and the expectation values on the normalized nucleon momentum wavefunction of the contribution coming from Melosh rotations satisfy
Therefore the following relations hold
which are compatible with the Soffer inequality [19] :
In the nonrelativistic limit, corresponding to k ⊥ = 0, i.e. M T = M = 1, one obtains
as expected from general principles [6] .
III. RESULTS
As an application of the general formalism reviewed in the previous section we consider the valence-quark contribution to the parton distributions starting from an instant-form SU (6) symmetric wave function of the proton, Eqs. (9) and (10), derived in the relativistic quark model of Ref. [20] . In particular, we use the Lorentzian shape wavefunction of Ref. [20] with parameters fitted to the magnetic moments of the proton and the neutron and the axial-vector coupling constant G A and giving also a good agreement with the experimental nucleon electroweak form factors in a large Q 2 range. Furthermore, we note that SU (6) symmetry is broken in the LCWF Ψ [f ] [21] as a consequence of the transformation (3).
The distributions in Eqs. (11), (12) and (13) are defined at the hadronic scale Q 2 0 of the model. In order to make predictions for experiments, a complete knowledge of the evolution up to NLO is indispensable. According to Ref. [22] we assume that twist-two matrix elements calculated at some low scale in a quark model can be used in conjunction with QCD perturbation theory. Starting from a scale where the long-range (confining) part of the interaction is dominant, we generate the perturbative contribution by evolution at higher scale. In the case of transversity the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) Q 2 evolution equation [23] is simple. In fact, being chirally odd, the quark transversity distributions do not mix with the gluon distribution and therefore the evolution is of the non-singlet type. The leading order (LO) anomalous dimensions were first calculated in
Ref. [24] but promptly forgotten. They were recalculated by Artru and Mekhfi [25] . The one-loop coefficient functions for Drell-Yan processes are known in different renormalization schemes [26] [27] [28] . The NLO (two-loop) anomalous dimensions were also calculated in the Feynman gauge in Refs. [29, 30] and in the light-cone gauge [31] . The two-loop splitting functions for the evolution of the transversity distribution were calculated in Ref. [31] . The LO DGLAP Q 2 evolution equation for the transversity distribution h 1 (x) was derived in
Ref. [25] and its numerical analysis is discussed in Refs. [32, 33] .
A numerical solution of the DGLAP equation for the transversity distribution h 1 (x) was given at LO and NLO in Refs. [34, 35] . In Ref. [34] the DGLAP integrodifferential equation is solved in the variable Q 2 with the Euler method replacing the Simpson method previously used in the cases of unpolarized [36] and longitudinally polarized [37] structure functions.
In the present analysis the FORTRAN code of Ref. [34] has been applied within the 
as obtained from the renormalization group analysis [38] . It differs from the more familiar expression used in Ref. [34] , and 2 respectively, the result of evolution of the total distributions is also presented. Quite generally, the Q 2 dependence of the evolution is weak within a given order, while small effects are introduced when going from LO to NLO, as exemplified by the dot-dashed curves at Q 2 = 5 GeV 2 in Figs. 1 to 3 . Thus, convergence of the perturbative expansion is very fast and one can safely limit himself to LO.
The size of the d-quark distributions is always smaller than that of the u-quark distribution, particularly in the case of transversity, confirming results obtained with other models (see, e.g., [9] ).
Taking into account that the model at the hadronic scale only considers valence quarks and the sea is only generated perturbatively, the overall behavior of f 1 (x) is in reasonable agreement with available parametrizations [39] . One may notice the faster fall-off of the tail of f u 1 (x) at large x in our model with respect to the parametrization [39] that will have some consequences in the predicted double transverse-spin asymmetry in Sect. IV. As for g 1 (x), the missing sea and gluon contributions are crucial to compare our model results with the available parametrizations [40] . Therefore, g 1 (x) is shown here for completeness, but it requires a more systematic study (e.g. along the lines of Ref. [16] ) that goes beyond the goal of the present investigation focused on the double transverse-spin asymmetry.
However, comparison of h 1 (x) and g 1 (x) is here legitimate because h 1 (x) is determined by valence contributions, as it is g 1 (x) in our model. As can be see in Figs. 2 and 3 they are rather different not only after evolution, but especially at the hadronic scale of the model. This contrasts with the popular guess h 1 (x) ≈ g 1 (x) motivated on the basis of the nonrelativistic quark model. In any case the Soffer inequality (18) at each order is always satisfied by the three quark distributions calculated with the LCWFs of the present model (see Fig. 4 ). In contrast, saturation of the Soffer bound, i.e. assuming
is neither reached at the hadronic scale of the model nor is it a conserved property during 
IV. THE DOUBLE TRANSVERSE-SPIN ASYMMETRY
In order to directly access transversity via Drell-Yan lepton pair production one has to measure the double transverse-spin asymmetry A T T in collisions between two transversely polarized hadrons:
with the arrows denoting the transverse directions along which the two colliding hadrons are polarized.
At LO, i.e. considering only the quark-antiquark annihilation graph, the double transverse-spin asymmetry for the process p
where e q is the quark charge, Q 2 the invariant mass square of the lepton pair (dimuon), and quark . Solid lines for the results at the hadronic scale Q 2 0 = 0.079 GeV 2 , the dashed lines obtained by NLO evolution at Q 2 = 9 GeV 2 , respectively.
x 1 x 2 = Q 2 /s where s is the Mandelstam variable. The quantity a T T is the spin asymmetry of the QED elementary process→ ℓ + ℓ − , i.e.
with θ being the production angle in the rest frame of the lepton pair and φ the angle between the dilepton direction and the plane defined by the collision and polarization axes.
After the first simple encouraging estimates [5] , some phenomenological studies of DY dimuon production at RHIC have been presented [26, 27, 33, [42] [43] [44] [45] indicating that accessing transversity is very difficult under the kinematic conditions of the proposed experiments with pp collisions [7] . The main reason is that A pp T T in Eq. (23) involves the product of quark and antiquark transversity distributions. The latter are small in a proton, even if they were as large as to saturate the Soffer inequality; moreover, the QCD evolution of transversity is such that, in the kinematical regions of RHIC data, h 1 (x, Q 2 ) is much smaller than the corresponding values of g 1 (x, Q 2 ) and f 1 (x, Q 2 ). This makes the measurable A pp T T at RHIC very small, no more than a few percents [33, 42, 45] .
A more favorable situation is expected by using an antiproton beam instead of a proton beam [8] [9] [10] [11] 46] . In pp DY the LO asymmetry A pp T T is proportional to a product of quark transversity distributions from the proton and antiquark distributions from the antiproton which are connected by charge conjugation, e.g.
Therefore one obtains
so that in this case the asymmetry is only due to valence quark distributions.
Quantitative estimates of A pp T T for the kinematics of the proposed PAX experiment at GSI [8] were presented in Refs. [9] [10] [11] . On the basis of predictions from the chiral quarksoliton model [9] , the LO DY asymmetries turn out to be large, of the order of 50%, increasing with Q 2 and almost entirely due to u-quarks. In contrast, they are in the range 20-40% in a phenomenological analysis [10, 11] where A pp T T is appropriately evolved at NLO starting from two extreme possibilities at some typical low scale µ 0 ≤ 1 GeV. One assumption was h 1 (x) = g 1 (x), as in the nonrelativistic case. The second ansatz for the transversity was the saturation of Soffer's inequality according to Eq. (21). The two possibilities have been considered to give a lower and upper bound for the transversity and, consequently, for the A pp T T asymmetry. NLO effects hardly modify the asymmetry since the K factors of the transversely polarized and unpolarized cross sections are similar to each other and therefore almost cancel out in the ratio [47] . In addition, NLO effects are rather small on the quark distributions obtained in Sect. III (see Figs. 1-3) . Therefore, the following discussion is limited to LO.
Using the unpolarized quark and transversity distributions derived in Sect. II, results for s = 45 GeV 2 and different values of Q 2 are plotted in Fig. 5 in terms of the rapidity
An asymmetry of about 30% (comparable with Refs. [10, 11] ) is obtained, with a Q 2 dependence in agreement with Ref. [9] . This result confirms the possibility of measuring the double transverse-spin asymmetry under conditions that will be probed by the proposed PAX experiment. In such conditions, assuming the LO expression (26) for the observed asymmetry one could gain direct information on the transversity distribution following previous analyses [9] [10] [11] , where the quark densities f q,q 1 (x, Q 2 ) are taken from the GRV98 parametrizations [39] . The resulting transversity distributions could be compared with model predictions.
According to this strategy, with the present model the antiquark distributions hq 1 (x, Q 2 )
are identically vanishing and h q 1 (x, Q 2 ) contains only valence quark contributions. Assuming a negligible sea-quark contribution the corresponding asymmetry would thus give direct access to h q 1 (x, Q 2 ) and would look like that shown in Fig. 6 . The results indicate a strong Q 2 dependence suggesting moderate values of Q 2 , e.g. Q 2 = 5 to 10 GeV 2 , in order to have an appreciable asymmetry of about 10-20% at the proposed PAX experiment at GSI [8] .
It is remarkable that, contrary to the result of Ref. [9] , in the present model Q 2 evolution produces a decreasing LO asymmetry with increasing Q 2 as a consequence of the opposite 
Q
2 dependence of the theoretical h 1 and the phenomenological f 1 . In fact, in the range of
x-values explored by the chosen kinematic conditions (x ≥ 0.3) h 1 with its valence quark contribution has a larger fall-off with Q 2 than the GRV98 f 1 as shown in Fig. 1 . Furthermore, one may notice that with the present model a much lower asymmetry is predicted than with the chiral quark-soliton model [9] and even lower than the phenomenological analysis of Refs. [10, 11] .
In general, one can anticipate upper and lower limits for the theoretical asymmetry depending on the upper and lower bounds that the transversity has to satisfy. The saturated 
